A novel approach to noninvasive clinical laboratory testing 1 has formed the basis for an intense current developmental effort aimed at routine hematology. 2 It uses in vivo image capture plus reflectance spectroscopy to quantify certain parameters of the conventional CBC count: viz, WBCs, RBCs, mean corpuscular volume (MCV), mean corpuscular hemoglobin (MCH), mean corpuscular hemoglobin content (MCHC), and capillary and central venous hematocrit measurements. Images of many different vessels of the microcirculation are fed into a computerized image analysis system capable of identifying numerous individual cells simultaneously and analyzing them in real time. An instrument capable of producing these components of the CBC without extracting blood from the body could have substantial usefulness in current medical practice, including immediate availability of information, avoidance of phlebotomy and blood loss, accessibility of data from patients with compromised vascular status, and cost avoidance and cost containment owing to improved patient outcomes in critical care settings.
This article introduces a new development based on noninvasive visualization of the microcirculation that produces useful clinical information, which currently requires phlebotomy and conventional laboratory testing.
Blood flowing in small vessels and capillaries has been visualized in humans and other animals by numerous experimental techniques, many of which require invasive procedures and cumbersome instrumentation. Ophthalmologists, using slit lamps, have long observed widely separated but essentially featureless individual RBCs in the uveal vein, which drains the aqueous humor. But with advanced electrooptical systems, superior images of circulating cells and measurements of them can be made from this or other visually accessible vessels. In vivo morphometry and reflectance spectroscopy of these images can directly quantify parameters of the conventional CBC, viz, MCV, MCH, MCHC, and hematocrit. From these values, using the familiar equations for the computation of RBC indices, the other conventional measures that describe the RBC population of the individual can be computed. WBCs and platelets can be identified by reflectance spectroscopy in the UV portion of the spectrum combined with classification based on their dimensions.
Instrumentation
Several versions of a generic imaging system that incorporates a microscope or macroscope lens system, a visible and UV light source, a camera for collecting images, and a computer have been used in proof-of-concept prototypes.
❚Image 1❚ shows such a system that provided images of the conjunctival microcirculation. The achievable magnification was several times greater than with a conventional slit lamp, and further enlargement was possible by transferring the image to a video monitor. Image enhancement techniques could be used to improve contrast, delineate margins of vessels and individual cells, and subtract background. Practical problems encountered with this instrumental configuration included short working distance of 1 to 5 mm with attendant fear of contact with the eye by the lens system, high intensity of incident light and the concern that it would fall on the retina, cicades with blurring of objects under high magnification, and gross movement of the head with loss of targeted fields of view.
Another instrumentation system was used that dealt well with these issues. Several commercially available handheld © American Society of Clinical Pathologists video microscopes gave almost equivalent visualization of the microcirculation of the conjunctiva and of other sites. The best images were obtained by simply bringing the objective onto the mucosal surface of the lower lip near the frenulum of the tongue ❚Image 2❚. This obviated problems associated with the short working distance of the lens system, the production of heat and/or the high intensity of the light source, and small or large movements by the subject. The oral submucosa has an extremely abundant microcirculation, much greater than in the nail fold, earlobe, or forearm sites favored in basic research studies of the microcirculation. Clear images of circulating cells were visible in virtually every field without aiming, focusing, tracking of vessels, or adjustments to the numerical aperture, intensity, or angle of illumination of the light source.
Recent improvements in the delivery of light through fiberoptics, video imaging, charge capture devices, imageprocessing technology, and computation have made substantial improvements in the capabilities of such systems feasible and practical. 2 Two versions of this technology are under active development by Cytometrics (Philadelphia, PA). One, Cytoscan, is meant to be useful for study of the microcirculation in basic research and for clinical research. The other, Hemoscan, is meant to provide a system for noninvasive testing of routine CBC parameters.
The Cytoscan and the Hemoscan include features based on a major new technologic innovation, orthogonal polarization spectral (OPS) imaging, invented by Groner and Nadeau. 3 OPS imaging conveniently produces high contrast images comparable to transillumination up to a depth of 500 µm from mucosal surfaces or otherwise accessible tissues or organs through a small optical probe. It uses polarized incident light and detects only depolarized photons scattered by tissue constituents through another polarizer oriented orthogonally to the plane of the illuminating light. Reflection spectroscopy with this system has been shown to follow Beer's law over as wide a range as transmission spectroscopy. Initial results with use of the Cytoscan formed the entire program of the 16th Bodensee Symposium on Microcirculation (Lindau, Germany, September 24-25, 1999), the proceedings of which will be published.
Measurement and Computation of RBC Parameters
It has been shown that cell size, volume, and hemoglobin are measurable, with great precision, on unstained RBCs on glass slides, so that the direct determination of MCV, MCHC, and MCH can be made from a sufficient number of such observations. 4,5 RBC morphologic features and WBC differential counts were performed by image analysis of Wright-Giemsa-stained preparations on glass slides by several clinical laboratory instruments that became available in the 1970s. 6, 7 Boundaries of individual RBCs in 2 dimensions can be related to their volume algorithmically. The average of a large number of such RBC volumes is a direct measure of MCV, eliminating the need for previously establishing the hematocrit and RBC and calculating MCV as hematocrit ·1,000/RBCs ·10 6 /µL. The MCH and MCHC are determined simultaneously with the direct measurement of MCV by measuring the reflected spectral intensity at the appropriate isosbestic wavelength for hemoglobins. The volume and the hemoglobin content of each RBC, being known, provides information to calculate the total hemoglobin and the hemoglobin concentration for each particular RBC. Averaging many such measurements provides the MCHC and MCH. By using the aforementioned values, the RBC can be calculated from the formula:
Since the size and shape of individual cells are known from direct measurements of images of RBCs, anisocytosis and poikilocytosis can be reported.
These direct and derived measures of RBCs do not provide information to determine the hematocrit. A capillary hematocrit could be obtained from images of the microcirculation by directly determining the volume of a sufficient number of RBCs, flowing separately in regular or irregular linear arrays or in rouleaux, and expressing this as a percentage of the total volume of the appropriate capillary cavity. 8 While a capillary hematocrit might constitute a useful measure in and of itself, no certain conversion factor exists that would allow reliable extrapolation of it to the conventional central venous hematocrit. 9 The equivalent of a central venous hematocrit can be obtained by imaging vessels of 70 µm in diameter or greater, determining the number of RBCs in several coronal cross-sections, and computing from the known MCV, previously determined.
The application of this approach with the Hemoscan uses the further technologic improvements of OPS imaging 2 and other enhancements, including rapid autofocusing and real-time image selection and image processing. Its small size and portability provide images from many surface sites and tissues exposed during surgery that are not possible with currently used research instruments that view the microcirculation in transmission modes. The image selection and processing capabilities of Hemoscan make it practical to provide noninvasive CBCs. Data supporting the equivalence of hematologic parameters measured by this system with reference methods will be published separately.
In summary, this approach to a noninvasive CBC would measure MCV, MCH, MCHC, and RBC morphologic features directly from captured images in the visible portion of the spectrum; RBC count and hemoglobin level by calculation; and hematocrit (capillary, central, or both) by direct measurement, calculation, or both. 1
Measurement of WBCs and Platelets
Detection of WBCs can be accomplished by using a UV light source and a UV receiver for the spectral reflectance of nucleic acids. The WBC count is determined by computing the ratio of WBCs with respect to RBCs in a sufficient number of images and multiplying it by the computed RBC count. The same analytic approach, taking into account the dimensions of the WBCs vs the platelets, will provide a platelet count. Alternative approaches to WBC and platelet enumeration are under consideration that specifically use the OPS imaging technology in the Hemoscan.
Clinical Laboratory and Medical Perspectives
Noninvasive direct laboratory measurements have been made on expired and transpired gases, sweat, subcutaneous fluid obtained by electropolation, saliva, and tears. In vivo measurements that do not require specimens include oxygen saturation by pulse oximetry and bilirubin by reflectance spectroscopy. Methods are under development for hemoglobin and glucose by infrared spectroscopy. Other approaches to noninvasive blood glucose are based on Fourier transform infrared spectroscopy, radiowave spectroscopy, and optical rotation of polarized light. 10 Image analysis in a flowing system in vitro that uses transmission spectroscopy has been developed and is in use for urine and blood. 11, 12 Other standard analytic systems for RBCs, WBCs, and platelets in vitro use measurements by light scattering and by changes in electrical conductivity caused by individual cells as they flow past a narrow aperture in a flowing stream.
The noninvasive clinical laboratory testing described herein, based on direct imaging and reflectance spectroscopy, is an innovation that allows analytes to be determined in vivo. The immediate determination of the counts of RBCs, WBCs, and platelets from capillaries and small vessels in vivo by direct imaging, image processing, and algorithmic calculation should provide a useful new tool for the evaluation of patients' hematologic status. Attractive features of an instrument based on this principle are its potential small size and portability, the conservation of blood that otherwise would be drawn during phlebotomy, the absence of test procedures that require chemical reactions, and a reduction in the skill level for testing personnel. Systems of this kind should prove particularly valuable in neonatal and pediatric medicine, emergency and critical care settings, and for patients for whom venipuncture and phlebotomy are problematic. 
